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Abstract
African trypanosomes cause disease in humans and livestock, generating significant health and welfare problems
throughout sub-Saharan Africa. When ingested in a tsetse fly bloodmeal, trypanosomes must detect their new environment
and initiate the developmental responses that ensure transmission. The best-established environmental signal is citrate/cis
aconitate (CCA), this being transmitted through a protein phosphorylation cascade involving two phosphatases: one that
inhibits differentiation (TbPTP1) and one that activates differentiation (TbPIP39). Other cues have been also proposed (mild
acid, trypsin exposure, glucose depletion) but their physiological relevance and relationship to TbPTP1/TbPIP39 signalling is
unknown. Here we demonstrate that mild acid and CCA operate through TbPIP39 phosphorylation, whereas trypsin attack
of the parasite surface uses an alternative pathway that is dispensable in tsetse flies. Surprisingly, glucose depletion is not an
important signal. Mechanistic analysis through biophysical methods suggests that citrate promotes differentiation by
causing TbPTP1 and TbPIP39 to interact.
Citation: Szo¨o˝r B, Dyer NA, Ruberto I, Acosta-Serrano A, Matthews KR (2013) Independent Pathways Can Transduce the Life-Cycle Differentiation Signal in
Trypanosoma brucei. PLoS Pathog 9(10): e1003689. doi:10.1371/journal.ppat.1003689
Editor: Kent L. Hill, University of California, Los Angeles, United States of America
Received March 21, 2013; Accepted August 22, 2013; Published October 17, 2013
Copyright:  2013 Szo¨o˝r et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: Work in Keith Matthews’ laboratory is supported by a Wellcome Trust (http://www.wellcome.ac.uk) Programme grant (to KRM; WT088293), project
grant (to KRM and BS; WT092383) and by a Strategic Award from the Wellcome Trust to support the Centre for Immunity, Infection and Evolution (WT095831).
Biophysical experiments were carried out at the University of Edinburgh Protein Production Facility (WT 081287). Work in Alvaro Acosta-Serrano’s laboratory was
supported by the Wellcome Trust (WT093691MA). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: balazs.szoor@ed.ac.uk (BS); keith.matthews@ed.ac.uk (KRM)
. These authors contributed equally to this work.
Introduction
Eukaryotic developmental events are a response to single or
multiple external cues. Commonly, the existence of multiple cues
ensures that cells do not embark prematurely on a developmental
process that could damage their viability or fitness [1]. Addition-
ally, the presence of multiple cues can lower the threshold at which
cells respond to differentiation signals or refine their response, with
inputs from distinct signalling pathways co-operating to generate a
specific developmental outcome (e.g. [2,3]). In this way, quite
sophisticated perception mechanisms can contribute to ensure an
appropriate and timely developmental response when cells
encounter conditions where differentiation is the optimal survival
response to a changing environment.
Although cell type differentiation is most studied in the
programmed specialisation of metazoan cells as they form tissues
or adapt for particular functions in the body, unicellular organisms
can also undergo development in response to external signals.
Exemplary of this are the differentiation responses of vector-borne
parasites. These undergo development within distinct environ-
ments in their mammalian host, as well as during colonisation of
their arthropod vectors to ensure their transmission [4,5]. Among
the best studied of these are the kinetoplastid parasites, represent-
ing the earliest branching extant eukaryotes [6] that are
responsible for a range of tropical diseases such as visceral and
cutaneous Leishmaniases (caused by different Leishmania spp.),
American trypanosomiasis (‘Chagas’ disease’, caused by Trypano-
soma cruzi) and Human, and Animal, African trypanosomiasis
(HAT, AAT, caused by Trypanosoma brucei [7]). For both Leishmania
and T. cruzi several signals have been discovered that can trigger
life-cycle differentiation including low temperature, pH balance
[8] and, most recently in Leishmania, iron availability [9]. For
African trypanosomes, citrate-cis aconitate (CCA) is routinely used
in differentiation studies [10]. In T. brucei the optimal response to
CCA requires the generation of a transmissible life cycle stage in
the blood called ‘stumpy’ forms [11], which are non-dividing and
show partial adaptation for conditions in the midgut of tsetse flies,
the parasite’s vector. For example, mitochondrial activity is
elevated in the insect forms of the parasite compared to the
proliferative bloodstream ‘slender’ forms, which are able to meet
their energy demands through their metabolism of blood glucose
through glycolysis alone [12]. Stumpy forms are sensitive to CCA
through their expression of members of a surface carboxylate
transporter family, called PAD (Proteins Associated with Differen-
tiation) proteins [13]. These proteins transport CCA and at least
one family member, PAD2, is elevated by the temperature
reduction associated with passage from a homoeothermic to
poikilothermic environment, sensitising parasites to physiological
concentrations of CCA [14,15]. The molecular details of the
development from slender to stumpy forms are not well
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understood, although laboratory adapted lines that have lost the
capacity to become stumpy (‘monomorphic lines’) can generate
stumpy-like forms upon exposure to cell permeable cAMP and
AMP analogues [16–18], or through TbTORC4 depletion [19].
A key molecular regulator of trypanosome differentiation to
tsetse midgut procyclic forms is the tyrosine phosphatase TbPTP1
[20]. This enzyme acts as an inhibitor of parasite differentiation
such that inactivation of the enzyme, or reduction of its levels by
RNAi, elicits spontaneous differentiation in the absence of any
trigger. Recently, a substrate of TbPTP1 was identified as a serine/
threonine DxDxT class phosphatase, TbPIP39 [21]. This molecule
is dephosphorylated on tyrosine 278 by TbPTP1 and thereby held
inactive, this inhibition being reinforced because TbPIP39 itself
promotes the activity of TbPTP1. In the presence of CCA,
however, the activation of TbPTP1 by TbPIP39 is reduced, such
that TbPIP39 becomes phosphorylated and differentiation is
stimulated [21,22]. This appears to be mediated via trafficking to
the glycosome, a peroxisome-like organelle in trypanosomes that is
the site of glycolysis and several other metabolic activities [23].
As in other kinetoplastid parasites, a number of other stimuli of
trypanosome differentiation have been reported in addition to
CCA, although the use of different cell lines and developmental
forms has complicated interpretation of their efficacy or physio-
logical relevance. These reported stimuli include (i) mild acid
conditions [24], (ii) exposure of the parasite surface to limited
protease digestion [25–27] and (iii) a reduction of glucose
mediated through either the use of glucose depleted media [28],
or exposure to phloretin, an inhibitor of glucose uptake [29]. Of
these, both mild acid and protease treatment induce adenylate
cyclase activity [30] and are restricted to transmissible stumpy
forms, since bloodstream slender cells are not viable after exposure
to these conditions [31], whereas glucose depletion has only been
evaluated in monomorphic slender forms.
Here we have systematically investigated the importance of
distinct stimuli of trypanosome differentiation, their physiological
relevance and, in the case of CCA, mechanistic basis. Firstly, we
used the phosphorylation of TbPIP39 as a marker for operation of
the citrate-dependent signalling cascade to determine whether a
single, or multiple transduction pathways can elicit differentiation.
This revealed that independent pathways for the initiation of
trypanosome differentiation exist, one (stimulated by CCA and
mild acid) operating via the TbPTP1-TbPIP39 signalling pathway,
whereas an alternative stimulus, protease treatment, signals via an
alternative route. Analysis of the contribution of each pathway in
tsetse flies supports a physiological role for TbPTP1-TbPIP39
signalling, with insect trypsin activity not being required to
stimulate parasite differentiation signal in vivo. Thereafter, we
investigated the interaction between TbPTP1 and TbPIP39 and
found that this is dependent upon the presence of the citrate
differentiation signal, revealing a hitherto unexpected interplay
between these molecules.
Results
Analysis of the efficacy of distinct differentiation stimuli
To date, a number of stimuli have been reported to induce
trypanosome life cycle differentiation, but these have been
analysed in different cell lines and under varying experimental
conditions. Our identification of TbPIP39 as a downstream
substrate of the CCA-responsive regulator TbPTP1 [21] provided
tools to systematically investigate the pathways through which the
development of trypanosomes is signalled. Therefore, we carefully
analysed, in parallel, trypanosome differentiation stimulated via
four reported triggers: cis-aconitate (CA), mild acid, pronase
treatment or glucose deprivation using phloretin, a glucose
transport inhibitor. Initially the efficacy of each pathway was
evaluated such that bloodstream stumpy forms were exposed to
6 mM cis-aconitate, were incubated for 2 hours at pH 5.5, were
treated with 4 units pronase from Streptomyces griseus for 10 minutes
or were incubated in the presence of 100 mM phloretin. In each
case, differentiation was monitored by flow cytometry for the
expression of the developmental surface marker EP procyclin.
Figure 1 shows EP procyclin expression for stumpy or procyclic
cells (Figure 1A) or stumpy cells incubated in the absence of any
trigger (Figure 1B), demonstrating that stumpy cells do not express
EP procyclin, although a reversible weak procyclin expression can
be detected after incubation, reflecting cold-related expression of
this marker [14]. However, when exposed to cis-aconitate
(Figure 1C), mild acid (Figure 1D) or pronase (Figure 1E), the
stumpy forms underwent effective differentiation into procyclic
forms, with the expression of EP procyclin being evident after
2 hours, and becoming progressively stronger throughout the time
course of the experiment. For the mild acid (Figure 1D) and
pronase treatment (Figure 1E) there was some heterogeneity in
procyclin expression due to stress associated killing or damage to
some cells, this being absent for the CA treatment. In contrast,
phloretin treated cells did not express EP procyclin (Figure 1F). To
confirm that the phloretin treatment was effective, pleomorphic
slender cells were incubated for 2 days in HMI-9 in the presence
or absence of phloretin, or in the presence of cis-aconitate
(Figure 2). Phloretin treatment arrested the growth of the treated
cells within 24 hours, as expected if glucose uptake were prevented
(Figure 2A). Nonetheless, these cells did not outgrow as
differentiated forms when incubated in procyclic form medium
nor did they express EP procyclin (Figure 2B), contrasting with CA
treated cells. Furthermore, incubation of stumpy forms in a more
physiologically relevant medium [32] containing low glucose
(,0.5 mM final concentration) did not stimulate their differenti-
ation, unless cis-aconitate was also included (Figure S1 in Text S1).
Author Summary
African trypanosomes are important pathogens transmit-
ted by tsetse flies in sub-Saharan Africa. Upon transmis-
sion, trypanosomes detect citrate and cis-aconitate in the
bloodmeal, this inactivating a negative regulator of
differentiation, the tyrosine phosphatase TbPTP1. One
TbPTP1 substrate is another phosphatase, TbPIP39, which
is more active when phosphorylated (after TbPTP1
inhibition) and promotes differentiation. These differenti-
ation regulators have provided tools to monitor whether
one or more environmental signals are used to initiate
trypanosome development and their relevance in vivo. This
is important because different studies over the last 30
years have disputed the physiological importance of
different signals. Here we have, firstly, compared the
efficacy of the different reported differentiation signals,
establishing their relative importance. We then monitored
TbPIP39 phosphorylation to show that two signalling
pathways operate: one signalled by citrate or mild acid, the
other stimulated by external protease activity. Thereafter,
we showed that, of these different signals, protease
activity is dispensable for differentiation in tsetse flies.
Finally, we used biophysical methods to investigate how
citrate causes TbPIP39 and TbPTP1 to interact, enabling
their regulatory cross-talk. These studies have established
the importance of different developmental signals in
trypanosomes, providing molecular insight into how the
development signal is transduced within the pathogen.
Trypanosome Differentiation Signalling
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Hence, neither pleomorphic slender or stumpy forms differenti-
ated in response to phloretin and stumpy cells were not stimulated
by low glucose medium, demonstrating the glucose depletion is not
an effective differentiation stimulus.
Having confirmed cis-aconitate, mild acid and pronase
treatment as effective stimuli of differentiation, we monitored
the phosphorylation of TbPIP39 under each condition using a
phospho-specific antibody directed against tyrosine 278 residue in
the protein. This is the site of TbPTP1 phosphatase activity [21],
such that tyrosine 278 phosphorylation is diagnostic for the
activity of this signal transduction pathway. Figure 3 shows the
level of TbPIP39, detected using a polyclonal antibody to the
protein, and the level of phosphorylated TbPIP39 detected using
the tyrosine 278-phosphospecific antibody. As expected, untreat-
ed cells showed no evidence of TbPIP39 phosphorylation,
whereas the level of phosphorylated TbPIP39 progressively
increased throughout differentiation in the CA treated samples,
with this being phosphorylated. Similarly, mild acid exposure
generated phosphorylated TbPIP39, indicating activity of the
TbPTP1/TbPIP39 signalling pathway under that treatment
Figure 1. Evaluation of differentiation stimuli on stumpy forms. Flow cytometry traces of EP procyclin expression on AnTat 1.1 90:13 stumpy
cells. Stumpy forms (St) and Procyclic forms (Pc) were used as negative and positive controls for the EP procyclin staining, respectively (A) and
samples from untreated stumpy cell cultures were also collected at the same timepoints as cells exposed to the different differentiation stimuli (B). A
weak reversible cold induced expression of EP procyclin is observed. To stimulate differentiation cells were treated with 6 mM cis-aconitate (C), mild
acid (D), pronase (E) and phloretin (F). Samples were assayed at 0 h, 1 h, 2 h, 4 h, 6 h, 24 h or 48 h after exposure to each proposed trigger. The flow
cytometry traces are representative of five independent experiments, each giving similar results.
doi:10.1371/journal.ppat.1003689.g001
Trypanosome Differentiation Signalling
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regimen. Interestingly, however, no phosphorylated TbPIP39 was
detected after pronase treatment, despite the effective induction
of differentiation in these cells as determined by EP procyclin
expression (see Figure 1E, from the same experiment). As
expected, exposure to phloretin did not induce TbPIP39
phosphorylation.
Figure 2. Phloretin is unable to induce differentiation of pleomorphic slender form cells to procyclic forms. T. brucei AnTat 1.1 90:13
cells (86105/ml) were cultured in HMI-9 at 37uC before the addition of 6 mM cis-aconitate, 100 mM phloretin or the same volume of 70% ethanol as a
solvent control. After culture for 48 hours at 37uC, the cells were harvested, washed in phloretin-free procyclic medium (SDM-79), then inoculated
into P-79 and incubated a further 5 days at 27uC. A. Phloretin treatment caused growth arrest within 24 hours in the pleomorphic slender cell
cultures, with no outgrowth of procyclic cells being detected after transfer to phloretin-free procyclic medium. Cis-aconitate treated cells
differentiated and proliferated as procyclic forms under the same culture conditions. B. The expression of the procyclic specific marker EP procyclin
was monitored by flow cytometry for each culture. Whereas most cis-aconitate induced pleomorphic slender cells efficiently differentiated to
procyclic forms within 48 hours, and expressed high levels of EP procyclin, phloretin treated cultures remained procyclin negative.
doi:10.1371/journal.ppat.1003689.g002
Figure 3. Differential TbPIP39 phosphorylation in response to different differentiation signals. Stumpy cells were exposed to 6 mM cis-
aconitate (CA), mild acid (pH 5.5), pronase (4 units/ml) and phloretin (100 mM) and isolated protein samples were then reacted with a phospho-
specific antibody recognising the sequence (ELDHWRTDEY*TK C) (anti-phospho TbPIP39) (middle panels). The same blot was also reacted with an
anti-TbPIP39 polyclonal antibody (left hand panel) and with an antibody detecting trypanosome alpha tubulin as a loading control (right hand
panels). Phosphorylated TbPIP39 was observed with CA and mild acid treatment, but not pronase.
doi:10.1371/journal.ppat.1003689.g003
Trypanosome Differentiation Signalling
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Figure 4. RNAi mediated ablation of TbPIP39 reduces the differentiation efficiency of cells treated with cis-aconitate and mild acid,
but not pronase. TbPIP39-RNAi stumpy cells, either uninduced (2Dox) or induced (+Dox) with doxycycline in vivo were harvested, inoculated into
HMI-9 at 37uC before the exposure to ‘no treatment’ (A), 6 mM cis-aconitate (CA) (B), mild acid (pH 5.5) (C) or pronase (4 units/ml) (D). Samples of the
untreated and treated (B–D) cultures were prepared at 0 h and 4 h and differentiation analysed by the expression of the differentiation marker EP
Trypanosome Differentiation Signalling
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These results indicated that CA and mild acid exposure of
stumpy cells induces differentiation via TbPTP1/TbPIP39, whereas
pronase treatment stimulates an alternative pathway that does not
generate phosphorylated TbPIP39. To test this hypothesis we
exploited a pleomorphic T. brucei AnTat1.1 TbPIP39 RNAi cell
line that generates effective and inducible TbPIP39 depletion in
stumpy forms [21]. Our prediction was that TbPIP39 depletion
would reduce the efficiency of differentiation for those stimuli (CA,
mild acid) that operate via this signalling pathway, whereas there
would be no effect upon pronase treatment. Figure S2 in Text S1
shows Western blots indicating the level of TbPIP39 in stumpy
forms in which RNAi against the TbPIP39 transcript had been
induced, or not, by provision of doxycycline to the drinking water
of infected mice. In each case there was a clear evidence of
TbPIP39 depletion in those samples where RNAi was induced in
the host animals this being particularly evident as the cells
underwent differentiation, whereupon the levels of TbPIP39
normally increase (see Figure 3 and [21]).
To assess the differentiation efficiency of the cells, EP procyclin
expression was monitored at 4 h after exposure to each trigger,
before the outgrowth of differentiated cells and the consequences
of the low levels of TbPIP39 that remain after RNAi induction
complicate the analysis [21]. Figure 4A shows that untreated cells
did not differentiate, with only the weak cold-related expression of
procyclin detected, as also seen in Figure 1B. When triggered with
CA (Figure 4B) TbPIP39 RNAi reduced the differentiation
efficiency, and a similar response was also observed when cells
were treated with mild acid (Figure 4C). Upon pronase treatment
there was a population of unstained cells, representing undiffer-
entiated slender cells (also seen in Figures 4A–C) and dead or
damaged cells generated by the pronase treatment. However,
when analysing EP procyclin expressing cells, either induced or
uninduced to deplete TbPIP39, approximately equivalent differ-
entiation efficiency was observed (Figure 4D), consistent with
TbPIP39-independent differentiation. The same outcome was
observed in four independent experiments, with TbPIP39 deple-
tion reducing differentiation triggered by CA (p,0.001; general
linear mixed model) and mild acid (p,0.001) but not pronase
(p = 0.4270) (Figure 4E). We conclude that two independent
pathways can stimulate differentiation, one initiated by CA or mild
acid, that acts via TbPIP39 phosphorylation, and one, stimulated
by pronase, that does not.
Differentiation triggers operate independently in the
tsetse midgut
We analysed the relevance of the different signalling pathways in
vivo by assaying tsetse infections when protease activity was blocked
using inhibitors. Thus, batches of tsetse flies were fed with
trypanosomes in horse serum either in the presence or absence of
1 mg/ml of soybean trypsin inhibitor (STI), a treatment predicted
to block the insect midgut trypsin-like activities that comprise a
major digestive component of the tsetse midgut [33] and which
have been reported to stimulate differentiation in vivo [34,35] and
in vitro [26]. Confirming the efficacy of inhibition, an analysis of 30
tsetse extracts revealed that midgut trypsin/chymotrypsin activity
was reduced 84%–100% in three replicate experiments (P,0.01),
irrespective of whether trypanosomes were included in the serum
meal (Figure 5A). Stumpy forms were then fed to flies in horse
serum in the presence or absence of STI and differentiated cells
analysed in extracted midguts 4 hours after feeding. Replicate
stumpy samples were also exposed to CA in culture and particular
care was taken to ensure that tsetse fed and in vitro prepared
samples were processed under identical conditions in order to
eliminate effects attributable to cold-induced procyclin expression
[14]. In each case, since neither flow cytometry nor automated
fluorescence analysis proved possible due to the debris present in
the tsetse midgut extracts, we analysed EP procyclin expression
using a careful visual scoring system, categorising the labelling of
cells as ‘bright’ (representing a homogenous, bright, EP signal
detected on the whole cell), ‘faint’ (a faint and/or non-
homogeneous EP signal detected on the whole cell, with a brighter
flagellum and/or uneven, punctuated staining pattern) or ‘nega-
tive’ (no EP signal detected). Figure 5B demonstrates that under
these conditions, EP procyclin was strongly expressed on ,90% of
cells from tsetse midguts regardless of the presence or absence of
protease inhibitor, matching in vitro differentiation in the presence
of CA (representative images are shown in Figure 5C and Figure
S3 in Text S1). Untreated samples showed only faint EP procyclin
expression associated with cold shock during sample processing.
Furthermore, similar numbers of cells were observed in STI
treated and untreated midgut extracts, eliminating the possibility
that only those few cells able to differentiate had survived in the
midguts of the flies fed trypsin inhibitor. We conclude that
blocking protease activity in the tsetse midgut does not prevent
differentiation.
Having demonstrated that inhibiting trypsin activity in the
bloodmeal did not prevent the differentiation of stumpy forms, we
repeated the analysis using the pleomorphic TbPIP39 RNAi line to
determine the influence of inhibiting the TbPIP39 signalling
pathway alone, or in combination with trypsin inhibition.
Specifically, parasites were grown in mice provided, or not, with
doxycycline in their drinking water to induce TbPIP39 gene
silencing during the infection. Aliquots of the resulting cells were
then fed to tsetse flies either in the presence or absence STI, such
that in individual analyses either or both proteolytic activity and
cellular TbPIP39 was depleted. Gut extracts were isolated 4 h after
feeding, and the differentiation of the midgut parasites analysed by
immunofluorescence for the expression of EP procyclin as before,
with at least 1000 cells being scored for each sample from a total of
3 replicate experiments (Figure 6). Confirming the data in Figure 5,
trypsin inhibition alone did not inhibit differentiation (p = 0.5706;
Wilcoxon Mann Whitney Rank sum test). However, with TbPIP39
depletion, the percentage of weakly stained cells increased from
approximately 17.9% (17.9%, 17.8% + or – STI, respectively) for
the uninduced samples to 25.4% (24.3%, 26.5% + or – STI,
respectively), and overall differentiation was reduced, weakly but
significantly (p = 0.0073), even when a Bonferroni correction was
used to account for the number of tests (thereby setting the
significance threshold at 0.008). Interestingly, however, when both
RNAi was induced and proteases were inhibited, the efficiency of
differentiation was more significantly reduced (p,0.0009) with
respect to untreated samples. Although the observed effects were
expected to be minor, given the transient inhibition of differen-
tiation upon TbPIP39 depletion in vitro, these analyses indicated
procyclin. The treated cells showed a population of undifferentiated trypanosomes (left hand peak) representing slender cells in the population and
dead or damaged cells, particularly after pronase treatment. Panel E shows histograms of the percentage of EP procyclin expressing cells at 4 h after
exposure to the different treatments, the results being the mean and standard deviation of 4 experiments (3 for pronase treatment). Asterisks
indicate significance (p,0.001). TbPIP39 depletion resulted in reduced differentiation for the cis-aconitate and mild acid treated samples, but not
those exposed to pronase.
doi:10.1371/journal.ppat.1003689.g004
Trypanosome Differentiation Signalling
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that inhibition of differentiation is observed in vivo upon TbPIP39
depletion, with a minor contribution when trypsin activity is also
inhibited.
The interaction between TbPTP1 and TbPIP39 is citrate
dependent
The in vivo experiments supported the function of the TbPTP1/
TbPIP39 pathway in differentiation, but the technical limitations
with these studies highlighted that more detailed analysis of these
signalling events required in vitro analysis. Therefore, we sought to
gain mechanistic understanding of the interaction between
TbPTP1 and TbPIP39 using biochemical methods.
Initially, we investigated whether residues in TbPIP39 predicted
from homology modelling to comprise part of a citrate-binding
pocket [21] (Figure S4 in Text S1) would influence the regulatory
cross talk between TbPIP39 and TbPTP1, whereby TbPIP39
activates TbPTP1, unless in the presence of citrate [21]. To
analyse this, recombinant TbPIP39 was generated in which either
the aspartic acid at position 57 was mutated to alanine (generating
DxAxT; ‘‘PIP39 D mutant’’), both aspartic acid residues in the
DxDxT motif were mutated (generating AxAxT; ‘‘PIP39 DD
mutant’’) or the TV motif at position 63 and 64 was mutated to AA
(‘‘PIP39 6364 mutant’’) (Figure S4 in Text S1; the respective
recombinant proteins are shown in Figure 7A). The residues at
position 57, 63 and 64 are each predicted to be involved in citrate
binding whereas mutating both aspartic acid residues is known to
render the enzyme catalytically inactive [21,36]. The wild type
(Figure 7B) and TbPIP39 mutants (Figure 7C–E) were each then
tested for their ability to enhance TbPTP1 activity and the
sensitivity of this to citrate inhibition. Figure 7 demonstrates that
each of the TbPIP39 mutants (TbPIP39 D, TbPIP39 DD, TbPIP39
6364) enhanced the activity of TbPTP1 at equivalent levels to the
wild type TbPIP39, regardless of their individual activity.
However, this was not sensitive to the presence of citrate for any
of the mutants, contrasting with the wild type protein where there
was a citrate-dependent decrease in TbPTP1 activity (P,0.0072).
Unlike citrate, isocitrate (which does not act as a differentiation
trigger) did not generate a decrease in activity when wild type
TbPIP39 was used (Figure 7F). This demonstrated that the
regulatory cross talk between TbPTP1 and TbPIP39 depended
upon the integrity of the citrate binding residues in TbPIP39.
Having examined regulatory interaction between the molecules
we examined their biophysical interactions in the presence or
absence of citrate using surface plasmon resonance. Specifically,
TbPTP1 protein was immobilised and covalently stabilised on a
nitrilotriacetic acid (NTA) chip and then interactions with wild
type or mutant TbPIP39 tested in the presence or absence of
citrate (Figure 8). In the absence of citrate, no interaction between
TbPTP1 and TbPIP39 (wild type or any of the TbPIP39 mutants)
was observed (Figure 8A, Figure S5 in Text S1). In contrast, wild
type TbPIP39 showed interaction with TbPTP1 in the presence of
citrate, consistent with a 1:1 binding stoichiometry, the predicted
half-life for the complex being around 10 seconds (on rate:
0.015 mM-1.s-1; off rate: 0.068 s-1) (Figure 8B, 8C, Figure S5 in
Figure 5. Protease activity is not necessary for differentiation
in tsetse flies. A. Protease activity (against Chromozym Try substrate)
in midgut extracts from tsetse flies fed horse serum containing T. brucei
TSW strain trypanosomes, or T. brucei AnTat.1.1, either in the presence
or absence of Soybean trypsin inhibitor (STI). Each bar represents the
average protease activity 6SEM of 10 midguts. B. EP procyclin
expression of stumpy trypanosomes incubated in vitro in HMI-9 or
derived from tsetse midguts 4 h after feeding with horse serum
containing the parasites, with or without soybean trypsin inhibitor
(6STI). Stumpy cells were analysed at 0 hours, or after 4 hours in vitro in
the presence or absence of cis-aconitate (‘CA’). To control for the
chilling on ice associated with tsetse midgut dissection, some in vitro
derived samples were also chilled for 1 hour at 4uC, particular attention
being taken to precisely mimic the processing of tsetse derived
samples. Scoring was carried out by immunofluorescence, with EP
procyclin staining scored as negative, faint or bright in each case. In all
cases samples were processed for immunofluorescence in parallel and
imaged under identical settings. C. Representative images of trypano-
somes derived from tsetse midguts 4 h after feeding either in the
presence or absence of soybean trypsin inhibitor. Cells were stained
with antibody to EP procyclin (Green) and DAPI (Blue). A cell
categorised as ‘faint labelling is arrowed. The lower images show
phase contrast images of the equivalent fields. Bar = 20 mm.
Trypanosome Differentiation Signalling
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Text S1). Interestingly, when the mutant forms of TbPIP39 were
tested in combination with TbPTP1 by surface plasmon resonance,
each also showed a citrate-dependent interaction with TbPTP1,
matching that of the wild type TbPIP39 (Figure 8D–F). Moreover,
isocitrate, which does not stimulate differentiation [26,37], also
promoted the interaction between TbPTP1 and wild type TbPIP39
(on rate: 0.014 mM-1.s-1; off rate: 0.064 s-1) indicating that the
interaction is not contributing to the specific differentiation
stimulus (Figure S5 in Text S1). When analysed by isothermal
calorimetry neither the wild type nor any of the TbPIP39 mutant
proteins was able to bind citrate independently of TbPTP1 (Figure
S6 in Text S1). Overall, these experiments indicated that
individual mutation of specific residues in TbPIP39 predicted to
be involved in citrate binding did not prevent the citrate-
dependent interaction of TbPIP39 with TbPTP1 detected by
SPR and that this interaction was also generated by isocitrate,
which is not a differentiation trigger.
In conclusion, the ability of citrate to reduce the phosphatase
activity of TbPTP1/TbPIP39 was lost upon mutation of the
predicted citrate-binding residues in TbPIP39. Nonetheless,
regardless of the integrity of these residues, these molecules
continue to interact in a citrate (or isocitrate) dependent-manner.
Based on these analyses we propose that citrate causes TbPIP39
and TbPTP1 to bind to one another, at least in vitro, but that citrate
also independently blocks the ability of TbPIP39 to enhance
TbPTP1 activity. Hence, in vivo, the transport of citrate in the
bloodmeal by PAD proteins would stimulate the initiation of
parasite differentiation through the co-ordinated inhibition of
TbPTP1 and activation of TbPIP39.
Discussion
When ingested in a tsetse fly bloodmeal trypanosomes rapidly
initiate differentiation in order to adapt to their new environment.
Our earlier studies have demonstrated that the CCA differentiation
signal is transduced via PAD proteins through a phosphatase-
signalling cascade, whereby TbPTP1 is inactivated and TbPIP39
becomes phosphorylated and activated [20–22]. Here we have used
these components to investigate the molecular basis of differenti-
ation initiated by CA and to demonstrate that independent
signalling pathways can operate to stimulate development.
Firstly, the availability of phospho-specific TbPIP39 antibodies
and pleomorphic RNAi lines targeting TbPIP39 allowed the
relationship between different differentiation signalling pathways
to be investigated. This demonstrated that CA and mild acid are
triggers that both result in the phosphorylation of TbPIP39 on
tyrosine 278, with differentiation via these signals being inhibited
by RNAi against TbPIP39. In contrast, pronase stimulates
Figure 6. Differentiation trypanosomes in tsetse flies is reduced upon TbPIP39 RNAi. Stumpy form TbPIP39 RNAi cells were fed to tsetse
flies in the presence of absence of STI. After 4 h midguts were extracted and the percentage of procyclin expressers determined by
immunofluorescence microscopy. The data represents an analysis from 3 independent infections with the total number of cells scored being shown
in each case.
doi:10.1371/journal.ppat.1003689.g006
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differentiation effectively but this does not generate phosphorylat-
ed TbPIP39 nor does RNAi against this molecule inhibit it. In
mammals, protease activated small G protein coupled receptors,
PARs, operate to regulate signalling events [38], but conventional
G-protein signalling is missing in trypanosomes [39]. Hence,
although cleavage-mediated activation might also contribute to the
initiation of differentiation in trypanosomes, the molecule respon-
sible is likely to be novel, potentially at the cell surface or within
the flagellar pocket membrane.
Our findings reveal the presence of independent differentiation
signalling pathways in trypanosomes (Figure 9A), with activation
by different stimuli converging downstream of TbPIP39. Sup-
portive of the existence of independent signalling pathways,
reporter assays for the activation of EP procyclin expression in
bloodstream forms have demonstrated enhanced expression when
both CA and proteases were used compared with either stimulus
alone [26]. Our in vivo experiments supported this observation,
since the depletion of TbPIP39 by RNAi reduced differentiation,
the significance of this being increased in the presence of protease
inhibitors. Although the reduction of TbPIP39 by RNAi is
incomplete, significantly reducing the magnitude of the effect
observed in vivo, trypsin/chymotrypsin-type protease inhibition
was almost complete when monitored in the midgut of treated
flies. Hence, although trypsin activities have been reported [33]
and proposed to be involved in the transformation of trypano-
somes in vivo [34,35] and in vitro [26], our experiments
demonstrate that inhibiting this protease activity alone does not
prevent the initiation of parasite differentiation in tsetse flies.
Unfortunately, a complementary analysis of differentiation in the
complete absence of TbPIP39 via a gene knockout and add-back
approach is not possible in parasite lines capable of generating
stumpy forms.
In contrast to the above reported triggers we did not observe
any induction of differentiation for either bloodstream stumpy
forms or bloodstream slender forms when parasites were exposed
to phloretin or low glucose conditions. Phloretin blocks glucose
uptake by the trypanosome and has been reported to induce the
expression of a subset of procyclic specific transcripts in
monomorphic bloodstream forms [29]. An effect of glucose
depletion has also been reported earlier, whereby glucose-depleted
medium generated the outgrowth of differentiated procyclic forms
from a monomorphic cell culture [28]. Although these findings
seem consistent with the rapid loss of glucose from the tsetse blood
meal, they may also reflect a monomorphic cell line specific
response, or the outgrowth of a small, differentiated subpopulation
when cells are subcultured into procyclic form media. Alterna-
tively, phloretin may induce transformation of monomorphic
slender forms toward more stumpy-like forms, since stumpy forms
elevate the expression of some procyclic form transcripts including
procyclins in preparation for differentiation in the tsetse fly or in
vitro [29]. Nonetheless, overall our results eliminate glucose
depletion alone as an efficient differentiation trigger for transmis-
sible stumpy forms, making the physiological relevance of this
trigger questionable.
Through biochemical and biophysicial analyses, our experi-
ments also revealed that TbPTP1 and TbPIP39 interact in a citrate
or isocitrate dependent manner, this being retained even when
individual residues proposed to be important in citrate binding
within TbPIP39 are mutated. However, mutation of these residues
prevented the citrate-dependent reduction of TbPTP1/TbPIP39
activity. These results contrast with a model where citrate binding
to TbPIP39 would prevent its interaction with TbPTP1 [21,22],
potentially through steric hindrance within the catalytic region.
Instead, our results show that the presence of citrate can allow
TbPTP1 and TbPIP39 to physically engage, at least in vitro,
potentially in a substrate trapping type interaction although this is
not specific for citrate or the predicted citrate binding capacity of
TbPIP39. Hence, in a bloodmeal, TbPTP1 could be sequestered
by interaction with TbPIP39 such that excess unbound TbPIP39
could become stably phosphorylated by its, as yet uncharacterised,
kinase thereby promoting differentiation. Furthermore, these
experiments revealed that the predicted citrate binding residues
in TbPIP39 are required for the regulatory cross talk between
TbPIP39 and TbPTP1 but not their specific interaction, suggesting
that citrate has distinct ‘dock’ and ‘block’ activities on the
TbPIP39/TbPTP1 complex, with only the ‘blocking’ function
being specific for citrate (Figure 9B).
The integration of the combined signals of temperature
reduction, CCA reception and protease attack of the parasite
surface could ensure a strong differentiation response. Given their
sensitivity to citrate/cis-aconitate and resistance to protease attack
[40], these responses will be limited to the transmissible stumpy
form, with slender cells in the blood meal being rapidly killed.
The role of multiple signal inputs that converge to drive
differentiation is characteristic of several developmental systems
including in fungi [41], cell type differentiation in Drosophila
development [42,43] and in mammalian bone formation [44], as
well as in arthropod-borne parasites [5,8]. In parasites, this
stringent control would ensure that the initiation of an irreversible
developmental programme occurs only under the correct
environmental conditions, avoiding the risk of initiating an
inappropriate and lethal differentiation response whilst still in the
mammalian host.
Materials and Methods
Ethics statement
Animal experiments in this work were carried out in accordance
with the local ethical approval requirements of the University of
Edinburgh and the UK Home Office Animal (Scientific Proce-
dures) Act (1986) under licence number 60/4373.
Parasite growth and transfection
Bloodstream and procyclic form trypanosomes were cultured in
vitro in HMI-9 [45] medium or SDM-79 [46] medium respectively.
T. brucei AnTat1.1 slender and stumpy parasites were obtained 3
and 6 days post infection, respectively, and purified by DEAE
chromatography. TbPIP39 RNAi lines were described in [21].
For the initiation of differentiation the following conditions were
used:
cis–aconitate. 6 mM cis-aconitate provided in HMI-9 me-
dium.
Figure 7. TbPIP39 mutants promote TbPTP1 activity but lack citrate responsiveness. (A) Recombinant proteins of wild type and mutant
TbPIP39 used for biochemical and biophysical analyses. (B)–(F) The protein phosphatase activity of TbPTP1 (0.1 mg) and various forms of TbPTP1
(1 mg of wild type, and the citrate binding mutants D, DD and 6364) were each measured. The combined pNPP activity of TbPTP1 and TbPIP39 were
assayed in the absence and presence of citrate (2 mM) or, for the wild type TbPIP39, in the presence of 2 mM isocitrate, which is not a differentiation
trigger (Panel F). In each case, TbPTP1 pNPP activity was normalised to 1.0 and all other pNPP activities were expressed relative to that. The error bars
represent SD values of 5 independent triplicate assays. Only wild type TbPIP39 exhibited citrate-dependent inhibition of TbPTP1/TbPIP39 activity.
doi:10.1371/journal.ppat.1003689.g007
Trypanosome Differentiation Signalling
PLOS Pathogens | www.plospathogens.org 10 October 2013 | Volume 9 | Issue 10 | e1003689
Mild acid. Stumpy cells were incubated in HMI-9 media,
whose pH was adjusted to 5.5. After 2 hours incubation at 37 uC,
5% CO2 the cells were collected, washed twice in fresh HMI-9
media and transferred to 27uC [24].
Pronase. Stumpy cells (2–56106 cells/ml) were resuspended
in PSG buffer containing 4 u/ml pronase (Biochemika) and
incubated for 10 minutes at 25uC [25,26]. After incubation, the
cells were collected by centrifugation, washed twice in filtered
Figure 8. Characterisation of the interaction of TbPTP1 with TbPIP39 (wild type and mutants), in the presence or absence of citrate
using BIAcore T200. A. Representative double reference corrected single cycle kinetic titration SPR binding curves (black), monitored on a surface
of covalently stabilized His-PTP1wt, for TbPIP39wt (65 mM), TbPIP39 D mutant (45 mM), TbPIP39 DD mutant (64 mM) or TbPIP39 6364 mutant (60 mM)
at 25uC in 10 mM HEPES, pH 7.4; 150 mM NaCl; 0.05% P20; 2 mM DTT; 20 mM MgCl2 in the absence of citrate. B. Steady state analysis of the
interaction between TbPTP1 and TbPIP39 by surface plasmon resonance. The assay was run in 10 mM HEPES, pH 7.4; 150 mM NaCl; 0.05% P20; 2 mM
DTT; 20 mM MgCl2; 2 mM citrate. A concentration dependent interaction between TbPTP1wt and TbPIP39wt was seen. All fits were to a 1:1 binding
model, with mass transport considerations. Kd is ,40–50 uM. C–D Representative double reference corrected single cycle kinetic titration SPR
binding curves (black), monitored on a surface of covalently stabilized His-PTP1wt, for TbPIP39wt (C), TbPIP39 D mutant (D), TbPIP39 DD mutant (E) or
TbPIP39 6364 mutant (F) at 25uC in 10 mM HEPES, pH 7.4; 150 mM NaCl; 0.05% P20; 2 mM DTT; 20 mM MgCl2 with 2 mM citrate. In each case, a
three-fold dilution series of TbPIP39 (wild type and mutants) was injected over the surface, at 30 ml.min-1 and the apparent on- and off-rate constants
were by globally fitting (red) a 1:1 kinetic binding model, with mass transport considerations, to the sensorgrams using the analysis software (v1.02,
GE Healthcare) supplied with the instrument.
doi:10.1371/journal.ppat.1003689.g008
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PSG and resuspended in fresh HMI-9 media and transferred to
27uC.
Phloretin. T. brucei AnTat 1.1 90:13 cells (86105/ml cell
density) were treated with 100 mM phloretin (Biomol) and cultured
in HMI-9 at 37uC for 48 hours in a CO2 incubator [29]. After two
days, the cells were harvested and following two washes in
phloretin-free procyclic form medium (SDM-79), they were
inoculated into fresh SDM-79 and incubated for a further 5 days
at 27uC. Cell numbers were monitored daily using a Beckman
Coulter Z2 particle counter.
DNA cloning and protein expression and analysis
Recoded wild type (wt) and ExExT (DD) synthetic
pHD451TbPIP39 constructs [21]were used to produce mutants
predicted to have reduced ability to bind citrate (Figure S4 in Text
S1). A commercial site-directed mutagenesis kit (Stratagene) was
used with the mutagenesis Primer 1 and Primer 2 (Table S1) to
produce TbPIP39D57A (TbPIP39D) and Primer 3 and Primer 4
(Table S1) to produce t63A v64A (TbPIP39 6364). Each of these
pHD451TbPIP39 constructs (TbPIP39wt, TbPIP39D, TbPIP39
6364 and TbPIP39DD) were reamplified with recoded TbPIP39
specific Primer 5 and Primer 6 (Table S1) and integrated into the
pGEX4T1 (GE Healthcare Life sciences) protein expression vector
for recombinant protein production. Expression and purification
of His tagged TbPTP1 and GST tagged TbPIP39 (TbPIP39wt,
TbPIP39D, TbPIP39 6364 and TbPIP39DD) were performed as
described in [21]. Phosphatase activity was measured by
monitoring the TbPTP1 (0.01–1 mg) catalyzed hydrolysis of pNPP
to p-nitrophenol [20].
Methods for protein expression and purification for biophysical
analyses are described in the Supplementary data.
Surface plasmon resonance (SPR) equipment and
reagents
SPR measurements were performed on a BIAcore T200
instrument (GE Healthcare). Ni2+-nitrilotriacetic acid (NTA)
sensor chips, 1-ethyl-3- (3-diaminopropyl) carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) were purchased
from GE Healthcare.
Immobilization and covalent stabilization TbPTP1
Pure His-PTP1 was immobilized and covalently stabilized on an
NTA sensor chip. Briefly, following Ni2+ priming (60 s of 500 mM
NiSO4 in 10 mM HEPES, pH 7.5; 150 mM NaCl; 0.05% P20;
50 mM EDTA; 20 mM MgCl2, at 5 ml.min21) dextran surface
carboxylate groups were activated by injection of 20 ml of 0.2 M
EDC; 50 mM NHS at 5 ml.min21. Protein (between 10 nM and
100 nM) in 10 mM HEPES, pH 7.5; 150 mM NaCl; 0.05% P20;
50 mM EDTA; 20 mM MgCl2 was captured and covalently
stabilized on the surface to between 100 and 300 RU by injection
at 30 ml.min21. Following attainment of the desired RU signal a
brief injection of 10 mM HEPES, pH 7.5; 150 mM NaCl; 0.05%
P20; 350 mM EDTA (30 s at 30 ml.min21) was used to remove
non-covalently attached protein, followed by quenching of the
unreacted succinimide esters by an injection of 20 ml of 1 M H2N
(CH2)2OH, pH 8.5 at 5 ml.min
21. Non-covalently bound proteins
were washed off the surface with excess 10 mM HEPES, pH 7.5;
150 mM NaCl; 0.05% P20; 50 mM EDTA; 20 mM MgCl2 at
Figure 9. Model for the initiation of differentiation via different triggers. A. CCA and mild acid result in an increase in TbPIP39
phosphorylation that stimulates differentiation. For CCA, this is mediated via the transport of citrate/cis-aconitate via surface PAD proteins. Mild acid
may inhibit TbPTP1, and/or stimulate the activity of the kinase that phosphorylates TbPIP39. Pronase also stimulates differentiation, independently of
TbPTP1/TbPIP39. B. Mechanistically, CCA stimulates both the interaction between TbPTP1 and TbPIP39 (Dock), and inhibition of the stimulatory effect
of TbPIP39 on TbPTP1 (Block).
doi:10.1371/journal.ppat.1003689.g009
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100 ml.min21. Final protein immobilized levels were between ,70
and 290 RU.
SPR single cycle kinetic experiments
SPR single cycle kinetic titration binding experiments were
performed at 25uC, using a 2-fold dilution series, in 10 mM
HEPES, pH 7.5; 150 mM NaCl; 0.05% P20; 50 mM EDTA;
20 mM MgCl2 (or with buffer supplemented with 2 mM citrate) at
100 ml min21 with a 60 seconds contact time and a 60 seconds
dissociation time. The sensor surface was regenerated between
experiments by dissociating any formed complex 10 mM HEPES,
pH 7.5; 150 mMNaCl; 0.05% P20; 50 mMEDTA; 20 mMMgCl2
(or with buffer supplemented with 2 mM citrate). The apparent
equilibrium dissociation constants (Kd) were calculated from double
reference corrected sensorgrams by global fitting of a 1:1 binding
model, including a mass transport term, using analysis software
(v.1.0, GEHealthcare) provided with the BIAcore T200 instrument.
Western blotting, flow cytometry and
immunofluorescence
Protein expression analyses by western blotting and flow
cytometry were carried out according to [21]. Immunofluores-
cence was carried out according to [13]. For quantitative scoring
of differentiation in tsetse midguts the following criteria were used:
‘Bright’: homogenous, bright EP signal detected on the whole cell,
‘Faint’: faint and/or inhomogeneous EP signal detected on the
whole cell (with a brighter flagellum and/or uneven, punctuated
pattern); ‘Negative’- no EP signal detected. In all cases illumina-
tion and imaging settings were identical.
Phase–contrast and Immunofluorescence microscopy images
were captured on a Zeiss axioskop2 (Carl Zeiss microimaging) with
a Prior Lumen 200 light source using a QImaging Retiga
2000RCCD camera; the objective was a Plan Neofluar 663
(1.25 NA). Images were captured via QImage (QImaging).
Tsetse fly feeding and dissection
All tsetse flies were taken from the Glossina morsitans morsitans
(Westwood) colony at LSTM, which is maintained at 26uC and
65–80% relative humidity, and fed on the supernatant of
defibrinated horse blood. Male flies were fed only once, 24–
72 hours after eclosion from the pupa. A minimum of 50 males
were offered a feed on one of the meals described above for
10 minutes and were subsequently kept at 26–27uC for 4 hours.
Flies were then chilled to 4uC and unfed flies removed. Flies with a
meal in the gut were subsequently kept on ice until dissection.
For the EP expression experiment, the entire midgut from the
proventriculus at the anterior end to the Malpighian tubules at the
boundary with the hindgut was isolated in vPBS (8 g/l NaCl;
0.22 g/l KCl; 2.27 g/l Na2HPO4; 0.41 g/l KH2PO4; 15.7 g/l
sucrose; 1.8 g/l glucose; pH 7.4). Dissected guts were then kept on
ice in vPBS until all had been dissected. The guts were then gently
disrupted using a micropestle in a 1.5 ml microcentrifuge tube.
The content of the tube was then filtered through a 35 mm nylon
mesh (BD Biosciences, England, #352235) to remove large pieces
of midgut. The filtrate, which included trypanosomes, fly gut cells
and fly gut bacteria was then washed twice in vPBS by pelleting at
836 g for 8 minutes and removing the supernatant. The cell pellet
was then resuspended in around 600 ml vPBS and around 100 ml
aliquots of the cell suspension was smeared over the surface of a
polylysine treated slides and air dried.
Preparation of the meals containing Soybean trypsin
inhibitor
Horse serum was prepared by filtering through a 0.2 mm syringe
filter the supernatant of defibrinated horse blood (TCS Biosciences
Ltd., Buckingham, UK). Soybean (Glycine max) trypsin inhibitor
(STI, Sigma Aldrich) was added to some aliquots of the serum at
1 mg/ml. All the serum aliquots were re-filtered and warmed to
37uC. Stumpy enriched populations of AnTat1.1 90:13 cells were
mixed with 37uC HMI9 media and incubated for one hour at
37uC at 5% CO2. Cells were pelleted for 8 minutes at 836 g and
resuspended in either 2 ml warmed horse serum or 2 ml warmed
horse serum containing 1 mg/ml STI. The cells were then used
immediately to feed tsetse flies after briefly checking cell viability
by microscopy. The experiment was repeated three times, each
time using a different batch of horse blood to prepare the serum.
For the protease activity assays with T. b. brucei strain TSW196,
aliquots of TSW196 blood from infected rats and mixed with 2 ml
horse serum in the presence or absence of 1 mg/ml STI and
immediately fed to tsetse flies.
Protease activity of midgut extracts was assayed using
Chromozym TRY (Z-Val-Gly-Arg-pNA, Bachem, Switzerland)
largely as described in [47].
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